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Graft surveillance with duplex scanning has been
shown to be effective in identifying lesions that
threaten the patency of infrainguinal arterial recon-
structions. Regular bypass graft surveillance and
appropriate repair have reduced the incidence of
graft thrombosis.1-7 Several parameters, primarily on
the basis of blood flow velocity, have been used to
help determine the need for arteriography or graft
revision, and these criteria have been continually
refined on the basis of increasing clinical experience.
Recommendations for graft revision have been
made on the basis of focal peak systolic velocity (PSV)
elevation or reduced velocity throughout the graft
(DGV). However, there have been few recent studies
that have attempted to correlate these parameters
with the maximum graft diameter (MGD) or the type
of outflow artery, which should influence these calcu-
lations.8 In addition, most of the studies that exam-
ined the velocity profile of infrainguinal arterial recon-
structions have been made on the basis of in situ
saphenous vein grafts, with the larger diameter graft
located proximally and the smaller diameter segment
distally. Data regarding the influence of diameter and
outflow for reversed vein grafts (RVG) are not avail-
able, and it is not clear that the same criteria used for
in situ grafts are applicable to RVG.
The current study was designed to examine vari-
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Objective: The objective of this study was to define a normal range of distal graft veloc-
ity (DGV) and peak systolic velocity (PSV) on the basis of outflow level and maximum
graft diameter for infrainguinal reversed vein bypass grafting (RVG).
Methods: This study was designed as a prospective study of consecutive patients who under-
went infrainguinal RVG from 1994 to 1997 in a university hospital and university-affiliat-
ed teaching hospital. All patients who underwent infrainguinal bypass grafting from 1994
to 1997 were placed in a prospective protocol with duplex scanning to better define the
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excluded: five for death within 3 months, one for graft infection, and one for graft occlu-
sion before the baseline duplex scanning. DGV and PSV were determined for each type of
outflow (popliteal, crural, and pedal) and for ranges of maximum graft diameter. These then
were correlated with subsequent graft occlusion or graft revision (graft failure).
Results: Grafts with larger diameters were associated with lower DGVs (P < .001), and
more proximal outflow arteries were associated with higher DGVs (popliteal, 75 cm/s;
crural, 50 cm/s; and pedal, 40 cm/s; P < .01).The mean PSVs were 150, 140, and 122
cm/s for popliteal, crural, and pedal grafts, respectively, but the difference was not sta-
tistically significant. The assisted primary patency rates for the grafts in this series were
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Conclusion: Graft diameter and location of the distal anastomosis significantly affect the
flow velocity in RVG. Other variables did not influence these parameters. Currently
established criteria for arteriography or graft repair on the basis of graft velocity para-
meters may be improved if they can be modified depending on diameter and outflow.
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ous graft velocity parameters of RVG to better deter-
mine criteria for normal PSV and DGV. Specifically,
we sought to define a normal range of DGV and
PSV on the basis of outflow level and MGD. This
may allow for refinement of the criteria for a failing
reversed vein bypass graft.
METHODS AND MATERIALS
From 1994 to 1997, all patients who underwent
infrainguinal arterial bypass grafting performed by a
single vascular surgeon at a university hospital and a
university-affiliated teaching hospital were placed
into a prospective protocol with duplex scanning to
better define the hemodynamics of normally func-
tioning RVG. The studies were performed in one of
two Intersocietal Commission for the Accreditation
of Vascular Laboratories–accredited vascular labora-
tories. Most of the studies were performed by a sin-
gle technologist with an Accuson XP 128 scanner
(Accuson Corp, Mountain View, Calif), with a 5.0-
MHz or a 7.5-MHz probe for both the Doppler
scan and ultrasound scan component. The remain-
der of studies were performed with an ATL 3000
(Advanced Technologies Lab, Bothel, Wash). All the
studies were reviewed by the attending vascular sur-
geon.
All the grafts were composed of reversed autolo-
gous vein. The ipsilateral greater saphenous vein
(GSV) was most commonly used, but other vein grafts
included the contralateral GSV, arm veins, lesser
saphenous vein, and composite veins. All the grafts
were placed subcutaneously to allow for easier surveil-
lance and repair. When the ipsilateral GSV was used,
the graft was placed in the bed of the harvested vein.
The veins were examined, mapped, and measured
with duplex scanning before operation. Diameter mea-
surements were obtained over the entire course of the
vein, and the minimum and maximum diameters were
recorded. During the initial period of the study, post-
operative measurements also were obtained. These
data were available for the first 70 patients, and we
found excellent correlation between the preoperative
and postoperative measurements. We then used only
the preoperative measurements for the remaining
patients. In no case was the difference between the
preoperative and the postoperative measurements
more than 0.2 mm at the site of largest diameter. The
use of the preoperative measurements as the basis for
analysis did not change the statistical significance of
the results or the conclusions of this study.
Completion imaging. All of the patients under-
went completion duplex scanning after arterial
reconstruction. The duplex scanning was performed
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in the operating room, if technically possible, or on
the first postoperative day. The initial 90 patients also
underwent arteriography, and no patient had a resid-
ual graft or anastomotic stenosis >30% at the com-
pletion of the procedure, as determined by the vas-
cular surgeon and an interventional radiologist.
At the initial and at each subsequent duplex scan
examination, color flow images were obtained of the
inflow artery, the entire graft, and the outflow ves-
sels. Arterial waveforms and velocity were recorded
from the inflow artery, the proximal anastomosis, the
proximal graft, the midgraft, the distal graft, the dis-
tal anastomosis, and the outflow artery. Areas of tur-
bulence were noted, and the PSV and a velocity ratio
(Vr) were calculated at these locations. The Vr was
defined as the ratio of the velocity in an area of steno-
sis as compared with the velocity in the proximal
nonstenotic segment. The Vr was not compared with
the MGD or outflow because it is independent of
these parameters, as it compares two areas of adjacent
graft. The external iliac artery was imaged for
patients with abnormal femoral waveforms. The loca-
tion and magnitude of PSV and DGV were recorded
to allow for comparison with graft diameter mea-
surements. The DGV was measured at the site of
largest graft diameter, generally just proximal to the
distal anastomosis. Grafts with a Vr of more than 2.5
were revised, and no patient was discharged from the
hospital with a Vr of more than 2.5. Revision was
made on the basis of duplex scanning, and arteriog-
raphy was not used before graft revision. In our expe-
rience, revisions on the basis of duplex scanning
alone have been found to be effective in eliminating
the stenosis and preserving graft patency.
Graft surveillance and revision. The patients
were followed with weekly clinical examinations for
the first month and then at 3-month intervals.
Follow-up duplex scans were obtained at 1 month,
3 months, every 3 months for the first 2 years, and
then every 6 months thereafter. All the grafts that
developed a Vr of more than 2.5 were repaired. The
patients underwent duplex scanning after revision to
confirm the correction of the lesion, to document
hemodynamic improvement, and to ensure that no
other stenotic area was present.
Data analysis. The PSV and DGV were deter-
mined and correlated to both outflow level
(popliteal, crural, or pedal) and MGD. The PSV was
defined as the highest velocity within the bypass
graft or at either anastomosis. For bypasses to the
popliteal artery, grafts also were analyzed separately
for MGD less than 4.0 mm, from 4.0 to 4.9 mm,
and more than 4.9 mm. An expected or normal
value for PSV and DGV was determined for each
outflow artery and MGD.
The PSV and DGV were independently analyzed
as predictors of future graft failure, defined as a Vr of
more than 2.5 or a bypass graft occlusion. These two
parameters were combined for two reasons. First, only
six grafts failed, so this would not allow for meaning-
ful analysis. There were not enough failures to detect
a statistically significanant difference. Second, the
grafts that necessitated revision were at an increased
risk of failure, and it would have been unethical to
allow these grafts to fail. The purpose of this study
was to determine whether MGD and outflow corre-
lated with actual or threatened occlusion. The Vr was
not compared with the MGD or outflow because it
was independent of these parameters, as it compares
two areas of adjacent graft.
All the data were prospectively recorded and
entered into a computer database. Analyses were con-
ducted with the SPSS program (SPSS Inc, Chicago,
Ill). The frequencies of all demographic variables were
generated, and the patients were divided into groups
on the basis of the MGD. Scatter plots were con-
structed of DGV and PSV against MGD. A Kruskal-
Wallis one-way analysis of variance was used to deter-
mine the correlation between MGD and DGV and
between MGD and PSV.
New expected velocity criteria for PSV and DGV
were calculated for each outflow by determining the
upper or lower bound of the 95% confidence inter-
val for each mean velocity. Comparison of mean dif-
ferences in DGV and PSV for all inflow and outflow
measures was performed with the Kruskal-Wallis
one-way analysis of variance to adjust for differences
in sample size between the groups. All the variables
were placed in a multivariate analysis with a logistic
regression model. Variables that appeared to have a
relationship to revision were identified by a back-
ward elimination of all nonpredictive variables. The
results were reported in accordance with the sug-
gested reporting standards for lower extremity arte-
rial procedures as determined by the Society for
Vascular Surgery and the North American Chapter
of the International Society for Cardiovascular
Surgery.9 The life-table method was used to analyze
the graft patency data. The assisted primary patency
reflects grafts that have remained patent after one or
more revisions. No patient in this study underwent
new bypass grafting after graft thrombosis.
RESULTS 
Patient population. From 1994 to 1997, 121
consecutive patients who underwent infrainguinal
arterial bypass grafting were entered into this prospec-
tive protocol. Of this group, 114 patients (114 grafts)
were followed for at least 3 months after the periop-
erative period, during which time no areas of Vr more
than 2.5 were detected. Seven patients were excluded:
five because of death within 3 months of the bypass
grafting, one because of the development of early
graft infection necessitating graft removal, and one
because of perioperative graft thrombosis before the
baseline duplex scan. This group of 114 patients
included 22 patients in whom stenosis was identified
and repaired, either during the initial operation or
immediately after surgery, but during the same hospi-
tilization. All the patients who underwent intraopera-
tive duplex scanning underwent repair during the ini-
tial operation. The patients who first underwent
examination with a postoperative scan underwent
early postoperative revision. No patient underwent
intraoperative scanning and then required return to
the operating room for early revision. These 114
patients form the basis for this report.
There were 87 men and 27 women, with a mean
age of 70 years. The cardiovascular risk factors
included cigarette use in 67 patients (59%), hyper-
tension in 59 (52%), renal insufficiency (baseline
creatinine level, >1.5) in 53 (46%), symptomatic
cardiac disease in 37 (32%), diabetes in 26 (23%),
and hyperlipidemia (necessitating medication for
cholesterol control) in 18 (16%).
Initial operation. The indication for the initial
bypass grafting in these 114 patients was critical limb
ischemia in 79 patients (69%), disabling claudication
in 27 (24%), and popliteal aneurysm in eight (7%).
Forty-seven grafts originated from the common
femoral artery, 30 from the superficial femoral
artery, 30 from the popliteal artery, six from the
deep femoral artery, and one from a tibial artery.
The distal anastomosis was to the popliteal artery in
74 patients (65%), a crural vessel in 29 (25%), and a
pedal artery in 11 (10%; Table I).
A single segment of GSV was used in 96 patients
(84%) (ipsilateral in 76, contralateral in 20), arm
veins in eight (7%), composite GSV with arm veins
in nine (8%), and lesser saphenous vein in one (1%).
Twenty-two of these grafts (19%) underwent modi-
fication with vein patch angioplasty either during the
initial operation or, if the initial completion duplex
scan was not performed in the operating room,
immediately after surgery. Twelve repairs were at the
proximal anastomosis, most likely because the small
diameter end of the RVG was anastomosed at this
location, and 10 were at a valve site or region of
intrinsic graft stenosis.
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Baseline graft measurements and hemody-
namics. The maximum diameter was more than 4.9
mm for 70 grafts (61%), from 4.0 to 4.9 mm for 25
grafts (22%), and less than 4.0 for 19 grafts (17%).
There was no statistically significant difference in the
mean MGD for each outflow level (Table I).
However, the grafts with larger diameters were asso-
ciated with lower DGVs, and the difference was sta-
tistically significant (P < .001; Table II). There was
no relationship between inflow and DGV (P = .765).
More distal outflow was associated with a statis-
tically significant decrease in the DGV (P < .01;
Table III; Fig 1). Nine of 11 pedal grafts (82%) had
a DGV of less than 45 cm/s, in contrast to 14 of 29
crural grafts (48%) and 18 of 74 (24%) bypass grafts
to the popliteal artery.
For all the grafts, the mean PSV was 145 (range,
32 to 338 cm/s). The mean PSV was 150, 140, and
122 cm/s for grafts to the popliteal, crural, and
pedal arteries, respectively, but these differences
were not statistically significant. Sixteen of 74
popliteal grafts (22%) had a focal PSV of more than
200 cm/s, as compared with four of 29 crural grafts
(14%) and one of 11 pedal RVG (9%). In contrast to
the relationship between MGD and DGV, there was
no statistically significant difference in the effect of
graft diameter on PSV (Table IV).
Follow-up examination. All the patients com-
pleted the scheduled clinical and duplex scan examina-
tions. Of the 114 patients, 106 are currently alive.
Eight patients died with a patent graft, six of myocar-
dial infarction, one of congestive heart failure, and one
Table I. Maximum graft diameter for each out-
flow level (114 patients)
No. of
Maximum graft diameter (mm)
Outflow patients Mean (± SD) Range
Popliteal 74 5.41 (± 1.46) 3.0 to 8.7
Crural 29 5.10 (± 1.07) 3.2 to 6.8
Pedal 11 5.21 (± 0.91) 3.7 to 6.4
P = .788.
Table II. Relationship between maximum graft
diameter and distal graft velocity (114 patients)
Graft No. of
Distal graft velocity (cm/s)
diameter (mm) grafts Mean (± SD) Range
<4.0 19 94 (± 28) 44 to 158
4.0 to 4.9 25 72 (± 31) 29 to 136
>4.9 70 55 (± 30) 15 to 173
P < .001.
Fig 1. Scatter plot of distal graft velocity on basis of maximum graft diameter for each type of
outflow.
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of respiratory insufficiency. Follow-up periods have
ranged from 3 to 48 months (mean, 21 months).
During the follow-up period, five grafts occluded and
three of these grafts were successfully revised. With
life-table analysis, the assisted primary patency rate was
99%, 92%, and 92% at 1, 2, and 3 years (Table V; 
Fig 2).
With the exclusion of the 22 perioperative graft
modifications, 19 grafts (16%) necessitated revi-
sion—12 at the proximal anastomosis, five in the
body of the graft, one at the distal anastomosis, and
one at both the proximal and the distal anastomosis.
The interval from the initial operation to the time of
revision ranged from 4 to 12 months.
Relationship between demographic variables
and outcome (Table VI). Variables were analyzed
with a multiple regression analysis. There was no sta-
tistically significant relationship between gender,
age, cardiovascular risk factors, type of conduit
(composite vein, arm vein, or GSV), inflow artery, or
indication for operation on outcome. Specifically,
these variables did not influence the DGV, PSV,
need for late revision, or assisted primary patency.
Smaller grafts, as determined by the minimum graft
diameter, were associated with an increased need for
late revisions (P < .02). Minimum graft diameter was
similar for the various inflow or outflow levels.
Criteria for graft revision. The outflow level
and graft diameter were correlated with DGV and
the need for late revision or graft occlusion (graft
Table III. A, Relationship between outflow level
and distal graft velocity (114 patients)
No. of
Distal graft velocity (cm/s)
Outflow patients Mean (± SD) Range
Popliteal 74 74.7 (± 34.5) 20 to 173
Crural 29 50.5 (± 22.3) 15 to 103
Pedal 11 39.8 (± 8.8) 30 to 62
P < .01.
B, Determination of statistical significance between
groups by means of analysis of variance
Popliteal Crural Pedal
Popliteal NA .001 .002
Crural .001 NA .582
Pedal .002 .582 NA
P values are listed in Table. There was a statistically significant dif-
ference between popliteal and crural and between popliteal and
pedal grafts but not between crural and pedal grafts.
Fig 2. Life-table plot of assisted primary patency of infrainguinal reversed vein grafts.
Table IV. Relationship between maximum graft
diameter and peak systolic velocity (114 patients)
Graft No. of
Peak systolic velocity (cm/s)
diameter (mm) grafts Mean (± SD) Range
<4.0 19 180 (± 61) 76 to 338
4.0 to 4.9 25 138 (± 49) 85 to 302
>4.9 70 138 (± 61) 32 to 290
P = .023. No statistical difference between 4.0 to 4.9 mm and
>4.9 mm, but there is between <4.0 mm and >4.9 mm.
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failure). The mean DGV was determined, and a
range for DGV was calculated with the establish-
ment of a 95% confidence interval. As expected, the
larger grafts had lower predicted DGVs. For the
grafts to the popliteal artery, our new predicted
(95% confidence interval) DGV was 96, 63, and 54
cm/s for grafts with an MGD of less than 4.0 mm,
from 4.0 to 4.9 mm, and more than 4.9 mm, respec-
tively. For crural bypass grafts, the predicted veloci-
ty was more than 42 cm/s and the criteria were
more than 34 cm/s for pedal bypass grafts (Table
VII). Velocities higher than these new criteria can be
considered normal for an RVG, given a specific
diameter and outflow level.
Graft diameter and outflow level were correlated
with PSV to identify the high velocity criteria that
best predicted graft failure. Categories of graft diam-
eter were selected to ensure that each category had
enough patients to permit analysis. For popliteal
bypass grafts, the predicted PSV (95% confidence
interval) was 229, 162, and 162 cm/s for graft with
MGD less than 4.0 mm, from 4.0 to 4.9 mm, and
more than 4.9 mm, respectively. For crural bypass
grafts, we found the expected PSV less than 198
cm/s. For pedal bypass grafts, the predicted PSV
was less than 160 cm/s. Velocities higher than these
values were not within the 95% confidence interval
for a normally functioning RVG.
DISCUSSION
Variables affecting velocity in reversed vein
bypass grafts. The velocity parameters of an
infrainguinal bypass graft may reflect many factors,
including graft size and configuration, cardiovascu-
lar risk factors of the individual patient, extent of
arterial disease, status of runoff, and location of the
proximal and distal anastomosis. No recent reports
have examined the velocity profile of RVGs or
Table VI. Relationship between independent vari-
ables and distal graft velocity and peak systolic
velocity
Distal graft Peak systolic
Variable velocity velocity
Inflow .765 NS
Minimum graft diameter .020 .178
Outflow artery .828 .618
Maximum graft diameter .001 .023
Type of graft .260 .108
Sex .631 .711
*P values, by means of multiple regression analysis, are listed in
Table.
Table VII. Criteria for distal graft velocity and
peak systolic velocity on the basis of maximum graft
diameter and outflow level for reversed vein grafts
Graft Distal graft Peak systolic
Outflow artery diameter (mm) velocity (cm/s)* velocity (cm/s)†
Popliteal artery
<4.0 >96 <229
4.0 to 4.9 >63 <162
>4.9 >54 <162
Crural artery >42 <198
Pedal artery >34 <160
*Criteria calculated by determining the lower bound of 95% con-
fidence interval for each mean.
†Criteria calculated by determining the upper bound of 95% con-
fidence interval for each mean.
Table V. Life table analysis (114 patients) for assisted primary patency rates
Patency Cumulative 
interval No. of grafts No. of Interval patency patency Standard
(months) at risk at start failed grafts Duration Deaths rate (%) rate (%) error (%)
0 to 2 114 0 0 0 100 100 0
3 to 5 114 1 11 3 99 100 0
6 to 8 99 0 6 0 100 99 1
9 to 11 93 0 10 0 100 99 1.03
12 to 14 83 1 4 0 98.7 99 1.1
15 to 17 78 0 8 2 100 98 1.6
18 to 20 68 2 16 1 97 98 1.7
21 to 23 49 0 9 0 100 94 3.3
24 to 26 40 1 6 0 97.3 92 4.1
27 to 29 33 0 7 0 100 92 4.5
30 to 32 26 0 3 1 100 92 5.1
33 to 35 22 0 5 1 100 92 6
36 to 38 16 0 8 0 100 92 7
attempted to determine the influence of graft diam-
eter or outflow artery on PSV or DGV. The goal of
this study was to better identify the importance of
these variables on graft velocity because velocity
changes are currently used to identify failing or
threatened grafts. These parameters then may be
helpful in modifying criteria for RVG revision.
Variables affecting distal graft velocity. We
found that the only variables to be statistically signif-
icant in affecting DGV were MGD and outflow
artery. Large diameter grafts (MGD, >5.0 mm) had
a mean DGV 39 cm/s less than the DGV of grafts
with an MGD less than 4.0 mm. In addition, despite
similar size conduits, bypass grafts to the popliteal
artery had a mean DGV almost twice that of grafts to
pedal vessels (75 vs 39 cm/s). The site of the proxi-
mal anastomosis appeared to have no effect on DGV.
Previous reviews of primarily in situ reconstruc-
tions also have found the location of the distal anas-
tomosis to affect DGV. Harris et al,10 reporting on
24 inframalleolar grafts, found the DGV to be 60
cm/s, which is similar to the 55 cm/s in our study.
Bandyk et al,11 in an early review, found that
popliteal bypass grafts had a higher DGV than did
crural reconstructions, and other studies also found
more proximal grafts associated with higher graft
velocities.12,13
Variables affecting peak systolic velocity. In
addition to an effect on the DGV, our experience
suggests that diameter and outflow also affect the
focal PSV. The PSV was 42 cm/s higher for grafts
less than 4.0 mm, as compared with those more than
4.0 mm in diameter. Bypass grafts to the popliteal
artery generally had a higher PSV than did more dis-
tal reconstructions, possibly reflecting the generally
better outflow of bypass grafts to this level.
However, this result was not statistically significant.
Belkin et al,8 reporting on primarily in situ grafts,
also found that inframalleolar grafts had lower PSV
than did tibial or popliteal bypass grafts and that
larger diameter grafts to the tibial or popliteal level
were associated with lower PSVs. That study report-
ed no relationship between graft diameter and PSV
for inframalleolar bypass grafts. However, grafts to
the three outflow levels differed significantly in
diameter, in contrast to our report in which graft
diameter was similar. This may reflect our approach
of using the best quality vein in a reversed configu-
ration independent of the level or quality of the arte-
rial runoff. We did not attempt to select the size of
the conduit on the basis of the size of the proximal
or distal artery.
The mean PSV for small diameter RVG in our
study (180 cm/s) was higher than that previously
reported for in situ grafts. Bandyk et al14 first noted
that grafts 4.0 mm or less in diameter had a higher
PSV than did larger grafts and found that grafts
smaller than 4.0 mm had a mean PSV of 102 cm/s.8
The difference in PSV between his report and the
current study may be a result of our placing the
small end of the graft proximally, before any veloci-
ty decrease that would be expected to occur
throughout the graft.
Outflow resistance may affect graft flow and
velocity but was not specifically measured in our
study. Other reports also have found that resistance
is not a major determinant of graft flow for either
tibial or popliteal bypass grafts.8 Limitations to flow
imposed by graft diameter may be partially compen-
sated by increased diastolic flow, thereby limiting the
relative increase in PSV.15
Velocity criteria for graft revision. Multiple
reports have confirmed that duplex scanning can
identify hemodynamic abnormalities in infrainguinal
bypass grafts and allow for elective revision before
graft occlusion.1-7,16-19 The patency rate of these
grafts has consistently been higher than the patency
rate of grafts not undergoing surveillance and
repair.1,3,8,20-28 Several studies have therefore been
undertaken to better determine the criteria that
should be used as the basis for graft revision. These
studies have attempted to establish a low velocity cri-
teria (DGV), representing low velocity throughout
the graft, and a high velocity criteria (PSV), identi-
fied as a focal PSV elevation.
However, these studies not have accounted 
for graft diameter or the level of arterial out-
flow.2,3,5,7,8,18-20,28,29 In addition, recent study
results have confirmed that reversed and in situ grafts
usually develop stenoses from different causes and at
different sites.28,30 Caps et al31 noted that in situ
grafts usually developed midgraft lesions and that
RVG were more likely to develop anastomotic
stenoses. It was our observation, and the observa-
tions of others,11,12,19,32 that many bypass grafts had
velocities below the low velocity criteria (<45 cm/s)
and yet had no areas of stenosis or turbulence and
remained patent without occluding or necessitating
subsequent revision. Large diameter grafts, bypass
grafts to pedal vessels, or grafts to arteries with limit-
ed runoff often remained patent despite a low
DGV.19 In addition, small diameter grafts and bypass
grafts to the popliteal artery frequently had elevated
graft velocities with no focal areas of stenosis. These
reports, and our similar clinical impressions, suggest
that refinement of the criteria for revision of RVG by
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accounting for the influence of diameter and location
of the distal anastomosis may decrease the rate of
revision without decreasing graft patency.
No formal criteria indicating the need for revi-
sion or predicting graft occlusion have been uni-
formly accepted.2,3,18,33 In addition, the standard
against which duplex scan criteria have been mea-
sured has varied between reports. Some studies have
compared duplex scan findings with arteriography.
Other reports have compared velocity changes with
stenoses identified at operation, but again the natur-
al history of these lesions is not certain. Natural his-
tory studies, following grafts to occlusion and then
evaluating the previously obtained velocity informa-
tion, would be the most accurate but may allow for
an unacceptable number of graft occlusions.33
Since their initial reports, Bandyk and col-
leagues14,17,24 have cautioned against using a uni-
form velocity criteria for all grafts and noted that
application of uniform criteria to all size grafts would
result in a high incidence of false-positive scans. They
also noted that a DGV less than 45 cm/s does not
necessarily represent an abnormality.8,11,12,29,32
Other reports have also recommended modification
of criteria on the basis of outflow level8,13,31 but have
not established any formal criteria on the basis of
these parameters.
In our study, we elected to compare duplex scan
velocity criteria (PSV and DGV) with the subse-
quent need for revision, as determined by a Vr of
more than 2.5 or by graft occlusion. All the grafts
that underwent repair developed a Vr of more than
2.5, and the severity of stenosis was confirmed at
surgery in all the cases. We have used the Vr as the
determinant for graft revision because it compares
one segment of graft with an adjacent area. It is not
significantly affected by gradual changes in graft
diameter, outflow level, or status of the arterial
runoff. With these criteria, we have obtained a 92%
assisted primary patency rate at 3 years.
Consistent with our observation, several recent
reports have questioned the validity of the previously
established criteria for graft repair.1-3,5,18,34 These
reviews have noted that most grafts will remain patent
despite graft velocities exceeding the threshold for
repair.3,8,18 Idu35 found that 50% of the grafts with
abnormal color flow duplex scan results remained
patent without revision. Mattos et al,27 reporting on
38 grafts not undergoing repair, noted that 63%
remained patent at 2 years and that only 15% of the
grafts with a DGV of less than 45 cm/s thrombosed.5
Ho et al followed 15 unrevised grafts for 2 years with-
out identifying a graft occlusion, and Dougherty et
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al18 reported that none of six grafts with DGVs of less
than 45 cm/s necessitated revision or occluded5,35,36
and that seven of 18 grafts with PSVs between 200
and 300 cm/s occluded or were revised, and only 10
of 20 grafts with PSVs of more than 300 cm/s neces-
sitated subsequent revision and none occluded.18
Laborde et al30 reported six of 36 arteriograms in
patients with an elevated PSV were normal, and all six
grafts remained patent.
CONCLUSION
The diameter and the location of the distal anas-
tomosis significantly affect the flow velocity in
RVGs, with larger diameter and more distal bypass
grafts resulting in lower DGVs and PSVs. Other
variables, although potentially affecting graft paten-
cy, do not influence these parameters.
We recognize that any arbitrarily defined criteria
for graft revision will risk not identifying grafts that
subsequently occlude if the criteria are too conserva-
tive and may result in unneccesary revisions if they are
too liberal. Currently established criteria to identify
grafts at risk of failure may potentially be improved if
they can be modified on the basis of diameter and
outflow. Absolute velocities should probably not be
the basis of revision at this time, but they are a useful
guide to hemodynamics and can form the basis for
further studies on more grafts to subsequently refine
the criteria for bypass graft revision.
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Dr Greg Moneta (Portland, Ore). It is with trepida-
tion that I discuss Dr Treiman’s paper. Many of you know
that Dr Treiman is an accomplished debater. I am sure he
can vigorously defend even flawed concepts and data. He
will need to draw on these skills shortly. I hope I am not
left too bloodied by his response.
All scientific reports rise or fall on the basis of origi-
nality and design. Clarity of presentation and diligence in
data acquisition, neither of which can be criticized in Dr
Treiman’s work, cannot compensate for problems with
study design.
Dr Treiman is from the Michener school of writing. His
manuscript is well written but long—32 pages. The acorn of
information that can be extracted from this large oak is that
large diameter grafts and grafts with more distal anasto-
moses have lower velocities than do small diameter grafts to
more proximal vessels. I thought we knew this. The authors
of many of the papers referenced in Dr Treiman’s manu-
DISCUSSION
JOURNAL OF VASCULAR SURGERY
Volume 30, Number 1 Treiman et al 25
script are aware of the fact that isolated minimal and maxi-
mal velocities serve only as a guide in evaluating a graft for
possible revision. This explains the emphasis in the recent
literature on detecting focal stenotic lesions and the use of
velocity ratios to correlate with stenoses in vein grafts.
The manuscript implies that graft diameters used in
the analysis of postoperative velocities were actually mea-
sured during preoperative vein mapping studies. How do
these preoperative measurements correlate with postoper-
ative measurements? Do graft diameters change over time?
Were graft diameters measured at the time of each duplex
scan surveillance study?
One of the goals of this study was to develop duplex
scan criteria for graft surveillance to minimize “unneces-
sary” revisions. Dr Treiman used the fact that the graft was
revised on the basis of a velocity ratio greater than 2.5 as
one criterion for graft failure. Because assisted primary graft
patency was high in this study and many grafts were revised,
most graft failures were in fact revisions. But what if this cri-
terion itself resulted in many unnecessary operations? The
only valid standard for evaluating duplex scan criteria pre-
dicting graft failure is thrombosis of untreated grafts. All
other definitions reflect the bias of the investigator. Dr
Treiman, how do we get around this problem? Your revi-
sion rate of 15% is about the same as that quoted by others.
What is an acceptable level of “unnecessary” graft revision?
Finally, we cannot use Dr Treiman’s proposed peak sys-
tolic and distal graft velocity criteria to evaluate for graft
stenoses. As Dr Treiman appropriately emphasizes, lesions
can be present in a graft and the graft not thrombose. In
this study, angiograms of grafts were not performed beyond
the immediate preoperative period, and therefore there was
no confirmation of the absence of stenoses in negative
duplex scan studies. What about presence in positive stud-
ies? No noninvasive study provides 100% sensitivity and
negative predictive value. Even a few errors could potential-
ly greatly affect the 95% confidence intervals presented in
this study, as some of the categories of grafts analyzed con-
tained few grafts. For example, there were only 10 pedal
and 29 tibial grafts in this series.
Overall, I believe Dr Treiman is correct that too many
graft revisions are performed. This paper tells me that revi-
sion of grafts on the basis of detection of a velocity ratio
of greater than 2.5 results in good assisted primary paten-
cy rates. Because of the methodologic problems men-
tioned, however, I remain unconvinced that the peak sys-
tolic and distal graft velocity criteria proposed can exclude
the presence of a stenosis or serve as a guide for identify-
ing grafts that will remain patent. For Dr Treiman’s data
to be truly convincing, he will have to revise grafts only if
they show velocity criteria outside his proposed standards
and show that a series of grafts, revised under such a pro-
tocol, will have equal assisted primary patency rates as he
has presented today.
Dr Gerald S. Treiman. During the initial period of this
review, we correlated preoperative and postoperative mea-
surements of graft diameter and found a good correlation.
We subsequently used preoperative measurements in this
study. Whether graft diameters change over time cannot be
determined from this review. Diameters were not measured
at the time of each postoperative duplex scan.
Because subsequent graft thrombosis cannot be defin-
itively predicted with any study or criteria, any protocol
for revision will invariably result in some unnecessary
repairs. The acceptable rate of revisions, consistent with
maximization of graft patency, has never been determined.
Our 15% revision rate compares favorably with many
recent reports.
We did not use angiograms to identify stenoses that
may have been missed with duplex scanning. We remain
unconvinced that arteriography is superior to duplex scan-
ning in evaluating these grafts and have been impressed
that arteriography may not identity a stenosis that is in fact
noted with duplex scanning and confirmed at operation.
Several other studies have noted that arteriograms may be
falsely negative. In addition, if a stenosis were missed and
remained present within the graft, it was not of clinical sig-
nificance because almost all of the grafts in this series
remained patent after repair of the lesion identified with
duplex scanning.
